Most animal sperm are quiescent in the male reproductive tract and become activated after mixing with accessory secretions from the male and/or female reproductive tract. Sperm from the mosquito Culex quinquefasciatus initiate flagellar motility after mixing with male accessory gland components, and the sperm flagellum displays three distinct motility patterns over time: a low amplitude, a long wavelength form (Wave A), a double waveform consisting of two superimposed waveforms over the length of the flagellum (Wave B), and finally, a single helical waveform that propels the sperm at high velocity (Wave C). This flagellar behavior is replicated by treating quiescent sperm with trypsin. When exposed to either broad spectrum or tyrosine kinase inhibitors, sperm activated by accessory gland secretions exhibited motility through Wave B but were unable to progress to Wave C. The MEK1/2 inhibitor UO126 and the ERK1/2 inhibitor FR180204 each blocked the transition from Wave B to Wave C, indicating a role for MAPK activity in the control of waveform and, accordingly, progressive movement. Furthermore, a MAPK substrate antibody stained the flagellum of activated sperm. In the absence of extracellular Ca 2+ , a small fraction of sperm swam backwards, whereas most could not be activated by either accessory glands or trypsin and were immotile. However, the phosphatase inhibitor okadaic acid in the absence of extracellular Ca 2+ induced all sperm to swim backwards with a flagellar waveform similar to Wave A. These results indicate that flagellar waveform generation and direction of motility are controlled by protein phosphorylation and Ca 2+ levels, respectively. calcium, gamete biology, invertebrates, MAPK, sperm motility and transport
INTRODUCTION
The eukaryotic flagellum propels sperm from many organisms through a fluid milieu encountered in aquatic environments or in the female reproductive tract. In the male reproductive storage organ of most animals, mature sperm are maintained in a quiescent state and initiate motility only when released from the male tract in response to specific chemical signals. The signaling cascade, leading to release of sperm from quiescence, often referred to as sperm activation, has been only partially characterized in a few species. In ascidians, sperm are immotile when spawned, and motility is activated by SAAF, a sulfated steroid secreted by the eggs [1] [2] [3] . Although the SAAF receptor has yet to be identified, some axonemal components required for SAAF-stimulated motility have been characterized [1, [4] [5] [6] . In sperm of lower vertebrates such as fish [7] [8] [9] [10] [11] [12] and amphibians [13] [14] [15] , changes in intracellular pH, Ca 2þ , or cAMP are correlated with the initiation of motility [8, 9, 12, 16, 17] , but the ultimate targets in the flagellum have not yet been elucidated.
In a number of insect species, sperm motility is activated by trypsin-like proteases [18] [19] [20] [21] [22] [23] [24] . For example, initiatorin, the endogenous activator of sperm from the silk moth Bombyx mori, has been isolated and characterized as a trypsin-like protease [20, 24] . In other insect species, sperm appear to be activated by endogenous proteases, but these proteases have not been purified or characterized [18, [25] [26] [27] [28] [29] . Nonetheless, a number of in vitro studies have shown that insect sperm can be activated by known proteases, primarily serine proteases [18, 19, 22, 23] , suggesting that a common pathway involving a protease leads to activation of sperm motility in insects. We recently reported that the activation of sperm from the semiaquatic insect Aquarius remigis (water strider) is activated by trypsin through a protease activated receptor 2 (PAR2) mechanism that, in turn, triggers a MAPK signaling cascade that results in a newly described flagellar waveform [23] .
The sperm flagellum is capable of generating many distinct waveforms, and insect sperm from a number of species generate a complex wave referred to as a double helical wave [30] [31] [32] [33] [34] [35] in which a low-amplitude, short-wavelength wave is superimposed upon a high-amplitude, long-wavelength wave. Both waveforms appear to propagate distally from the head of the sperm. Insect sperm that generate the double helical wave possess accessory tubules surrounding the nine doublets of the axoneme (9þ9þ2) [32, 33] or other accessory fibers in the axoneme [30, 31] .
A second unusual motility behavior reported in some insect sperm is their ability to swim backwards. This motility is a tailleading progressive movement in which the flagellar wave propagates from the tip of the tail toward the head. Backwards swimming motility has been reported in several insect species in vitro [36, 37] . Recent studies have shown that Drosophila sperm swim backwards in the female reproductive tract [38] [39] [40] and that this motility is required for sperm to enter the sperm storage organs, the seminal receptacle, and the spermathecae [40] . As in Drosophila, fertilization is internal in Culex spp. and other mosquitoes. In many dipterans, such as Drosophila [41] and mosquitoes from several genera including Culex [42] , accessory gland secretions have been shown to suppress female mating behavior, and thus, females may mate only once [43, 44] . Sperm are stored in the female in three spermathecae that are joined by a common narrow duct that connects to the posterior of the uterus [45] . Sperm entry is restricted to a micropyle at the anterior end of the Culex egg, and eggs are fertilized shortly before deposition of the eggs in water [46] .
Here we show that activation of motility in sperm from the mosquito Culex quinquefasciatus is mediated by a trypsin-like protease that requires an influx of extracellular Ca 2þ through a plasma membrane-associated ion channel. Once activated, these sperm undergo a series of distinct identifiable waveform changes that begin with a superimposed double helical wave with low forward progressive motility followed by a single helical wave with high forward progressive motility. We further demonstrate that MAPK-directed phosphorylation serves as a switch between these two waveforms. In addition, Culex sperm exhibit backwards swimming behavior that is controlled by changes in intracellular Ca 2þ concentration.
MATERIALS AND METHODS

Chemicals
Staurosporine, U0126, A23187, genistein, calyculin A, and okadaic acid were obtained from Enzo. Trypsin, aprotinin, and EGTA were purchased from Sigma-Aldrich. FR180204 was purchased from Tocris Bioscience (R&D Systems). All other reagents were obtained from Sigma-Aldrich or Fisher Scientific.
Animals and Dissection of Male Reproductive Tract
Male C. quinquefasciatus were obtained from a colony maintained by Dr. R. Cardé in the Department of Entomology at the University of California, Riverside. Mosquitoes were placed individually in 1.25 ounce Solo cups (product #P125, Solo Cup Company) with lids (product #PL1, Solo Cup Company), and dilute sugar water was added to each cup to humidify the chamber as well as provide nutrients. Mosquitoes were sacrificed by introducing a small bit of chloroform-soaked cotton into the cup, and the male reproductive tract was dissected from the animals.
Motility Assays
All assays were conducted in a simple insect Ringer solution (110 mM NaCl, 5 mM KCl, 0.5 mM CaCl 2 , 1.2 mM MgCl 2 , 1.2 mM MgSO 4 , 1.2 mM NaHCO 3 , 2 mM KH 2 PO 4 , 2 mM Na 2 HPO 4 , 1 mM glucose, 20 mM HEPES, pH 7.4) or in the various solutions described below, at room temperature. Modifications to the insect Ringer contained the following substitutions to the above recipe. Ca 2þ -free (CFE) Ringer: no added Ca 2þ , 4 mM EGTA; high-EGTA Ringer: no added Ca 2þ , 20 mM EGTA. Stock solutions of pharmacological agents used to examine the role of kinases, phosphatases, and Ca 2þ in motility were made in dimethyl sulfoxide and diluted 1:100 in insect Ringer for the working solutions. The behavior of sperm activated in insect Ringer containing 1% dimethyl sulfoxide was indistinguishable from that of control sperm (n ¼ 3, data not shown).
All sperm used in this study were mature seminal vesicle sperm. After dissection of the male reproductive tract from the abdomen, the testes and external genitalia (claspers) were removed, leaving the paired seminal vesicles and accessory glands (Supplemental Fig. S1 ; Supplemental data are available online at www.biolreprod.org). For some experiments, the accessory glands were also removed. Mosquito seminal vesicles and/or accessory glands were placed on a microscope slide in 50 ll of insect Ringer and covered with a coverslip with small pieces of modeling clay at each corner to hold the coverslip in place. The slide was transferred to a microscope stage (Alphaphot; Nikon), and the sample was imaged using phase contrast or darkfield optics. In order to break open the accessory glands and, at the same time, extrude sperm from the seminal vesicles, blunt forceps were used to push the coverslip downward over the top of the tissue (time ¼ 0). Sperm motility was then recorded once per minute (t ¼ 1-10 min) for 15 or 30 sec, using a chargecoupled device camera (Dage-MTI CCD100, Dage-MTI; or Hamamatsu CE, Hamamatsu Corp.) at a frame rate of 30 frames per second using Scion Image (National Institutes of Health) or Simple PCI (Hamamatsu Corp.). The recordings were then used to quantify the timing of activation and changes in waveform, and all in-focus sperm were counted. For each time point, ;150-400 sperm were scored. The number of independent experiments for each treatment is provided in Table 1 or figure legends.
To measure the length of the sperm head and flagellum, seminal vesicle sperm were squashed in CFE Ringer and recorded using darkfield optics. Because the sperm are immotile in CFE Ringer, the flagellum is straight, and 
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the length can be readily measured. The head is distinctly brighter in darkfield optics, enabling accurate measurement. Measurements were obtained using Image J software (National Institutes of Health) after calibrating the scale by using an image of a stage micrometer taken at the same magnification. To measure sperm velocity, recordings of motility were examined to identify sperm swimming with straight-line trajectories, and the velocity of the sperm was calculated by measuring the distance traveled over 10 or more consecutive frames using Image J software.
Immunofluorescence
Microscope slides were coated with a solution of 1% polyethyleneimine, rinsed in deionized water, and air dried. Aliquots (10 ll) of insect Ringer containing 2 lg/ml trypsin were placed on the slide, and sperm were extruded from the seminal vesicles into the solution by pinching the seminal vesicles with forceps. Samples were air dried, fixed in 1% formaldehyde for 3 min, and washed in Tris-buffered saline (TBS; 25 mM Tris, pH 7.6, 150 mM NaCl) for 5 min. Sperm were permeabilized in 0.2% Triton X-100 in TBS for 30 min and then incubated in a blocking solution of 1% bovine serum albumin in TBS for 30 min. Sperm samples were incubated in primary antibodies diluted 1:20 (antitubulin) or 1:10 (anti-MAPK substrate) in TBS containing 1% bovine serum albumin, and 1% goat serum for 45 min and then washed three times for 10 min each in TBS. Samples were incubated in secondary antibodies diluted 1:25 (anti-mouse fluorescein isothiocyanate [FITC]) or 1:50 (anti-rabbit tetramethylrhodamine isothiocyanate [TRITC]) for 45 min and again washed in TBS. Nuclei were stained with Hoescht dye (100 lg/ml) for 2 min and washed in TBS for 5 min. Finally, Vectashield (Vector Labs) was added, and the slide was sealed with a coverslip. The antibodies used in this study were rabbit polyclonal anti-tubulin (catalog #T3526; Sigma), mouse anti-phospho-threonine MAPK substrate (catalog #2321S; Cell Signaling Technology), goat anti-rabbit-TRITC (Jackson ImmunoResearch), and goat anti-mouse FITC (Jackson ImmunoResearch). Fluorescence staining was imaged using an SP2 model confocal microscope (Leica Microsystems) in the sequential scan mode. Images of the secondary antibody control were captured with the gain set at maximum. Images shown in the figures are overlaid images generated by the Leica confocal software (Leica Microsystems).
RESULTS
Culex Sperm Are Activated by Accessory Gland Secretions and Exhibit a Progression of Waveforms over Time
Seminal vesicles containing mature sperm and attached accessory glands were dissected from the mosquito C. quinquefasciatus and placed on a slide in insect Ringer. Accessory gland components were released, and sperm were extruded from the seminal vesicles by applying pressure to the coverslip directly over the tissues. Sperm incubated in the presence of the accessory gland components displayed a characteristic progression of waveforms over time. Initially these sperm exhibited a low-amplitude, long-wavelength, waveform (Wave A, Fig. 1 , W-A). Subsequently, as the amplitude increased, a double waveform developed in which a low-amplitude, short-wavelength waveform was superimposed upon a high-amplitude long wavelength (Wave B, Fig. 1 , W-B). Both waves propagated distally from the head, and forward progressive motility was initiated. The forward velocity of sperm exhibiting Wave B motility was significantly greater than that of sperm exhibiting Wave A motility (Fig. 1 , middle panel). Finally, the double waveform converted to a single helical wave, and sperm exhibited rapid forward progressive motility (Wave C, Fig. 1 , W-C). The average velocity of sperm exhibiting Wave C motility was significantly greater than that of sperm exhibiting Wave B motility (Fig. 1, middle panel) . Additional images of sperm exhibiting Wave B and Wave C motility are shown in Supplemental Fig. S2 . The differences between the Wave B and C waveforms were highlighted by overlaying pseudo-colored successive images of sperm (Fig.  2) . Sperm exhibiting Wave B and C motility are shown in Supplemental Video S1. During sperm activation by accessory gland components, the fraction of sperm exhibiting Wave C motility gradually increased to a maximum of 46% of the population at 10 min after activation (Fig. 3) . MAPK AND Ca 2þ CONTROL SPERM MOTILITY
The Accessory Gland May Contain a Protease Activator
Sperm incubated in the absence of accessory glands were immotile or weakly motile, showing the characteristic low amplitude, nonprogressive motility characterized by Wave A and remained in this state for up to 10 min (longest time of observation) (Fig. 4A) . These findings suggest that the accessory glands contain one or more components that activate sperm motility. Previous studies have reported that some insect sperm can be activated in vitro by serine proteases such as trypsin [18] [19] [20] [21] [22] [23] [24] . Therefore, Culex sperm were incubated in the presence of the accessory gland components and the serine protease inhibitor aprotinin to determine whether the accessory gland component activating motility is a serine protease. Mosquito sperm treated with the accessory gland components alone showed substantial progression to Wave B or Wave C motility over 10-min observation (Fig. 3) . A cumulative total of 52% of sperm developed Wave B motility, and 24% developed Wave C motility over this time period. In contrast, in the presence of aprotinin, most sperm demonstrated only Wave A motility, and only a minority proceeded to either Wave B (cumulative total of 9% of all sperm counted) or Wave C (0.7% of all sperm counted) over the same time period (Fig. 4B) . Furthermore, in the absence of the accessory glands, 2 lg/ml trypsin fully activated sperm motility ( Fig. 5 and Supplemental Video S2), and the progression from Wave A to Wave B and Wave C motility and the relative fractions of Wave B and Wave C sperm were similar to activation by the accessory gland components (compare Figs. 5 and 3) . Overall, these findings suggest that the endogenous sperm activator is an accessory gland protease whose function can be fully mimicked by trypsin.
MAPK Activity Is Required for Wave B-to-Wave C Transition
To examine sperm components mediating motility downstream of the accessory gland protease, the roles of kinase and phosphatase activity and of Ca 2þ were investigated. We investigated the requirement for kinase activity in Culex sperm motility by treating mosquito sperm with the broad spectrum kinase inhibitor staurosporine. In the presence of accessory gland components, activation of initial motility and the development of both Wave A and Wave B motility were not affected by the presence of staurosporine (Fig. 6A) . However, staurosporine treatment completely blocked the transition from Wave B to Wave C. Similar results were obtained using the broad spectrum tyrosine kinase inhibitor genistein (Fig. 6B) . In vertebrate systems, trypsin signals can activate the MAPK pathway, and we recently demonstrated MAPK involvement in sperm motility in another insect system (23) . Therefore, we tested the effects of the MEK1/2 inhibitor U0126 and the ERK1/2 inhibitor FR180204 [47] on sperm motility. U0126 enforces Wave B motility. Sperm motility was activated in the presence of the squashed accessory gland material, and the buffer was then switched to a solution containing 20 lM U0126 at 7.5 min. All sperm exhibiting Wave C motility reverted to Wave B motility within approximately 30 sec, and usually then became immotile. Data are means 6 SEM of three independent experiments. C) The ERK1/2 inhibitor FR180204 blocks Wave C motility. When sperm motility was activated by accessory gland components in the presence of 1 lM FR180204, sperm exhibited normal Wave A and B motility. Wave C motility was rarely detected (4% of all sperm scored over 10 min). Data are means 6 SEM of three independent experiments.
MAPK AND Ca 2þ CONTROL SPERM MOTILITY
Addition of U0126 completely blocked the Wave B-to-Wave C transition; all sperm remained in the Wave B form ( Fig. 7A and Supplemental Video S3), similar to the results of treating sperm with genistein or staurosporine. Moreover, sperm activated by accessory gland components and exhibiting Wave C motility reverted to Wave B motility within 30 sec after addition of U0126 (Fig. 7B) . Similarly, the ERK1/2 inhibitor FR180204 effectively blocked the Wave B-to-Wave C transition when seminal vesicle sperm were activated in the presence of the drug (Fig. 7C ). These results suggest that an endogenous protease from the mosquito accessory glands activates a MAPK pathway and that MAPK phosphorylation is required for generation of the simple helical waveform and the rapid forward progressive motility of Wave C. To determine whether MAPK activity could be detected in activated sperm, Culex sperm were activated with trypsin or left untreated and then processed for immunofluorescence with a MAPK substrate antibody that recognizes a phosphothreonine adjacent to a proline in a MAPK phosphorylation consensus site. The antibody stained the sperm flagellum in trypsin-activated sperm (Fig. 8A) but not in unactivated sperm (Fig. 8B) . Tubulin staining is shown for comparison (Fig. 8C) . Treatment with the fluorophore-labeled secondary antibodies alone did not produce any staining (Supplemental Fig. S3 ). The tubulin antibody labeled not only the flagellar microtubules but also manchette microtubules surrounding the nucleus, which have been described in other insect sperm [48] . Notably, the MAPK substrate antibody labeling was restricted to the flagellum and did not extend to the manchette microtubules (Fig. 8A) .
Ca 2þ Is Required for Activation of Motility
Ca 2þ plays a role in flagellar motility in many eukaryotes [49] , and the insect Ringer solution used here contained Ca 2þ . Therefore, to investigate the role of Ca 2þ in Culex sperm motility, sperm were incubated in Ca 2þ -free EGTA containing Ringer (CFE Ringer). Under these conditions, motility could not be activated in sperm by the presence of accessory glands (Table 1) . These results indicate that either the endogenous activator requires Ca 2þ for its own activation or that an influx of external Ca 2þ is needed to activate sperm motility. To exclude the possibility that the endogenous activator is Ca 2þ -dependent, sperm were incubated in trypsin in CFE Ringer. As trypsin is not a Ca 2þ -dependent protease, any inhibition of sperm motility by trypsin in CFE Ringer would suggest that external Ca 2þ is required for a Ca 2þ influx into the sperm. Trypsin did not activate sperm motility in CFE Ringer, but trypsin activation could be rescued by the subsequent addition of Ca 2þ to the sperm (Table 1) . Conversely, addition of EGTA to sperm that had been activated in Ringer containing 2 lg/ml trypsin resulted in their rapid inactivation (Fig. 9) . These results suggest that an influx of extracellular Ca 2þ is necessary not only for activation of forward progressive sperm motility but also for continued motility. A small fraction of sperm (,5%) remained motile for up to 10 min in the absence of Ca 2þ . Among the sperm that remained motile (Table 1) , almost all (69 of 81 ¼ 85.2%) exhibited backward swimming, in which the distal tip of the flagellum was leading and the head was trailing.
Sperm Swim Backwards in the Presence of Low Ca 2þ and Increased Phosphorylation
We investigated the interaction among Ca 2þ influx, kinase activity, and sperm swimming direction. Specifically, to increase phosphorylation in the absence of an influx of Ca 2þ , we examined the effect of the phosphatase inhibitor okadaic acid on sperm motility. Sperm were incubated either in CFE Ringer, okadaic acid (20 lM) and accessory gland squash (n ¼ 2), or CFE Ringer and okadaic acid (20 lM) alone (n ¼ 4). In both of these treatments, motility of sperm was rapidly activated, but 100% of the sperm swam backwards in the CFE Ringer in the presence of this phosphatase inhibitor ( Fig.  10 and Supplemental Video S4). The waveform appeared similar to the low-amplitude Wave A motility but with the distal tip of the flagellum leading and the head trailing. When A23187 (10 lM) and excess Ca 2þ (5 mM) were added to sperm treated in okadaic acid without accessory glands, motility rapidly switched from backward to forward motility, and nearly all sperm exhibited Wave C motility (n ¼ 3). A sperm in the process of switching motility direction from backward to forward motility upon addition of A23187 and Ca 2þ is shown in Fig. 11 (Supplemental Video S5). THALER ET AL.
DISCUSSION
Sperm activation is a nearly ubiquitous phenomenon in animal systems including those from both protostome and deuterostome lineages, although the mechanisms of activation vary among taxa, and, in general, the molecular basis for motility initiation is poorly understood. Here, we demonstrate that, as with other insect sperm, an external molecular signal in the form of a protease is the activator in the mosquito C. quinquefasciatus and that this activator is found within the male accessory glands. This finding suggests that as in other animals, sperm are stored in a quiescent state in a male reproductive organ and become motile by the direct action of a protease after they are mixed with secretions from the male accessory glands. Because activation of motility can be controlled by addition of trypsin or accessory gland squashes, we were able to successfully time the sperm activation event, follow the progression of waveforms as the sperm became motile, and chemically dissect some of the downstream signaling pathways that control flagellar motility. Following activation, three distinct waveforms were progressively generated by the mosquito sperm flagellum, with the final waveform, Wave C, generating the most rapid forward motility. Moreover, phosphorylation events are key to sperm activation; the MAPK pathway controls the switch from waveform B to C. Although MAPK has previously been implicated in enhancing forward progressive motility [50] , this study is the first to demonstrate that MAPK activity controls flagellar waveform that, in turn, results in increased forward progressive motility. Finally, many insect sperm are novel in that they can switch between forward (head-leading) and backward (head-trailing) progressive motility. We have used this definitive behavior to demonstrate that the direction of sperm motility is controlled by intracellular Ca 2þ levels as a result of influxes from the extracellular environment. Sperm exhibit forward motility when intracellular Ca 2þ levels are high but swim backward when intracellular Ca 2þ is low. The role of phosphorylation in sperm activation was elucidated using both kinase and phosphatase inhibitors. As only Wave A and Wave B motility of the mosquito sperm developed normally in the presence of the broad spectrum kinase inhibitor staurosporine, kinase activity may not be required for the initiation of motility but only for the transition from Wave B to Wave C and its associated forward progressive motility. In contrast, when sperm were treated with okadaic acid in insect Ringer, in the absence of accessory glands or trypsin, the sperm became activated as Wave A but did not proceed further (C.D. Thaler, unpublished data). This result suggests that increased phosphorylation of Culex sperm proteins, perhaps through the downregulation of a specific phosphatase, is sufficient to initiate sperm motility, as has recently been suggested in water strider sperm [23] . Alternatively, activation of Wave A and B motility may involve a kinase that is not affected by staurosporine [51] . Regardless, it is likely that additional, yet-to-be-identified kinases and/or phosphatases play a role in the initiation of sperm motility in Culex.
The Culex sperm flagellar Wave B consists of two superimposed waves, a low-amplitude, short-wavelength wave that is superimposed upon a high-amplitude, long-wavelength wave. This ''double wave'' has been previously reported in several insect groups [30] [31] [32] [33] [34] [35] 37] , although, to our knowledge, this is the first report of a transition to a single waveform that culminates in rapid progressive motility. Culex sperm clearly exhibit both double and single waveforms, and individual sperm can switch between those two waveforms. Specifically, the switch from Wave B to Wave C is consistent with a MAPK-dependent phosphorylation of flagellar proteins as the MEK inhibitor U0126, as well as the ERK1/2 inhibitor FR180204, prevented development of Wave C motility in response to accessory gland stimulation of motility.
MAPK has been implicated in the regulation of flagellar motility in other taxa, including birds [52] , humans [50, 53] , mice [53] , and insects [23] , and it has been reported that ERK1/ a The CFEþAG treatment included the accessory glands; all other experiments were conducted with seminal vesicles alone (accessory glands were removed during dissection), and sperm were extruded from the seminal vesicle into the indicated medium. b Non-motile (NM) indicates that ,5% of the sperm exhibited any motility. Number of motile sperm that were swimming backwards are shown as percentages. c Sperm were first extruded into a solution of CFE Ringer þ 2 lg/ml trypsin and incubated for 5 min; the buffer was then exchanged for insect Ringer þ 5 mM CaCl 2 .
MAPK AND Ca 2þ CONTROL SPERM MOTILITY 2 plays a role in increasing both forward progressive motility and hyperactivation in human sperm [50] . The radial spoke protein 3 (RSP3), which is an A-kinase anchoring protein (AKAP) of the eukaryotic flagellum, is phosphorylated by ERK1/2, which enhances RSP3 binding to PKA regulatory subunits [53] . In addition, we recently demonstrated that MAPK is localized in the flagellum of sperm from the water strider A. remigis and that MAPK activity is required for activation of motility [23] . These studies suggest that MAPKmediated modulation of sperm behavior may be conserved across many animal phyla as an important regulator of flagellar waveform. When mosquito sperm exhibit Wave B motility, the longwavelength component of the double wave has approximately the same wavelength as the single helical wave (Fig. 2 , compare Wave B panel with Wave C green flagellum). This observation suggests that the long-wavelength component is generated by one set of flagellar components and that the superimposed short wave is generated by a different set of flagellar components whose activity is controlled by MAPK. When MAPK activity is low, as in the U0126 treatment, the short-wave components are active and sperm maintain Wave B motility. However, as MAPK activity develops, as in the normal progression of motility following accessory gland or trypsin treatment, the flagellar components that generate the short wave are inhibited, leaving only the single helical longwavelength component. There has been speculation that insect sperm accessory fibers or accessory microtubules surrounding the axoneme contribute to the double wave motility [54] , and it will be of interest to identify and localize flagellar targets of MAPK phosphorylation. Furthermore, the average velocity of sperm exhibiting Wave C motility is significantly greater than that of sperm exhibiting Wave B motility, raising the possibility that the low-amplitude, short-wavelength component of the double wave is a negative regulator of forward progressive motility. Examining sperm motility either through direct observation in the female reproductive tract or, alternatively, in the presence of female reproductive tract factors should provide insight into the function of these different waveforms.
In addition to forward progressive motility, mosquito sperm, like some other insect sperm, are capable of swimming backwards. When sperm motility was activated by trypsin and then challenged by addition of EGTA to the medium, sperm motility was inactivated in almost all sperm (.95%). However, among the sperm that remained motile, nearly all (;85%) swam backward. These sperm had been actively swimming forward but then switched to backward motility when Ca 2þ was removed. This result suggests that when sperm are activated by a protease, most are committed to a Ca 2þ -dependent pathway leading to forward progressive motility. If this is true, sperm that are not yet committed to this proteaseinitiated pathway may initiate the Ca 2þ -independent pathway that results in backward motility. In support of this hypothesis, when sperm were incubated in EGTA and okadaic acid in the absence of trypsin or accessory glands, 100% of the sperm were both activated and swam backward. Taken together, these results suggest that phosphorylation is required for the actual generation of the waveform, independent of direction, while the Ca 2þ level controls the direction of motility (forward or reverse). A model summarizing our findings to date is shown in Fig. 12 . What remains to be determined are the steps between the activation by the accessory gland protease and the initiation of signal transduction pathways that lead to both the phosphorylation of initial targets and the mobilization of Ca 2þ from the extracellular milieu. Drosophila sperm have recently been observed to swim backward in the female reproductive tract and to enter the female sperm storage organ by swimming backward [38] . Drosophila sperm that are defective in amo, the Drosophila homolog of the Ca 2þ -permeable ion channel PKD2, are able to swim backward but are unable to correctly negotiate the female sperm storage organ. Interestingly, amo is localized to the distal tip of the flagellum in Drosophila sperm [38] , suggesting that localized changes in intracellular Ca 2þ are needed to direct the sperm into the sperm storage organ [38, 40] . Culex possesses mucolipin-3, which shares a PKD channel-conserved domain homology with Drosophila amo (C. D. Thaler, unpublished observation by BLAST search), and it will be of interest to determine whether this protein is expressed in Culex sperm.
In other animal systems, additional modifications to flagellar waveforms that include changes in wavelength, amplitude, and/or beat frequency subsequent to the activation event, and in response to a variety of environmental factors, are thought to be requisite events for fertilization. For example, in order to successfully seek out eggs and negotiate the highviscosity environment of the surrounding egg jelly, many echinoderm sperm flagella possess membrane receptors that recognize sperm-activating factors that alter flagellar beat patterns [55, 56] . Similarly, many mammalian sperm flagella, including those from humans, progress from a low-amplitude, high-beat frequency to a high-amplitude, low-beat frequency waveform in the female reproductive tract [57] . This transition in mammals, known as hyperactivation [58, 59] , can be simulated in vitro through the action of increased extracellular Ca 2þ , bicarbonate, and albumin [60] [61] [62] and, in addition, leads to an overall increase in phosphorylation of a number of sperm proteins [50, 60, 61, 63] . It remains to be seen whether these changes in flagellar behavior in these deuterostomic lineages share common signaling pathways and, ultimately, downstream targets, with those in insect sperm.
In summary, this study demonstrates that MAPK activity acts as a molecular switch to control flagellar waveform and that Ca 2þ levels control the direction of motility. Motility of Culex sperm, as well as a number of other insect sperm, is activated by trypsin or trypsin-like proteins, and identifying additional components of the signaling network used by trypsin will be of interest in future studies.
